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Abstract  
The purpose of this study was to explore the reliability of esti-
mating three-dimensional (3D) linear kinematics and kinetics of 
a swimmer derived from digitized video and to assess the effect 
of framing rate and smoothing window size. A stroke cycle of 
two high-level front crawl swimmers and one high level back-
stroke swimmer was recorded by four underwater and two above 
water video cameras. One of the front crawl swimmers was 
recorded and digitized at 50 Hz with a window for smoothing by 
4th order Butterworth digital filter extending 10 frames beyond 
the start and finish of the stroke cycle, while the other front 
crawl and backstroke swimmer were recorded and digitized at 
25 Hz with the window extending five frames beyond the start 
and finish of the stroke cycle. Each camera view of the stroke 
cycle was digitized five times yielding five independent 3D data 
sets from which whole body centre of mass (CM) component 
velocities and accelerations were derived together with wrist and 
ankle linear velocities. Coefficients of reliability ranging from r 
= 0.942 to r = 0.999 indicated that both methods are sufficiently 
reliable to identify real differences in net force production dur-
ing the pulls of the right and left hands. Reliability of digitizing 
was better for front crawl when digitizing at 50Hz with 10 
frames extension than at 25 Hz with 5 frames extension (p < 
0.01) and better for backstroke than front crawl (p < 0.01). 
However, despite the extension and reflection of data, errors 
were larger in the first 15% of the stroke cycle than the period 
between 15 and 85% of the stroke cycle for CM velocity and 
acceleration and for foot speed (p < 0.01). 
  
Key words: Inverse dynamics, reliability, swimming, asym-
metry, Butterworth filter. 
 

 

 
Introduction 
 
Elite swimmers are characterised by their ability to reduce 
the resistive forces from the water, thus achieving fast 
swimming velocities with sustainable effort (Cappaert et 
al., 1996). Therefore the analysis of resistive forces dur-
ing swimming, otherwise known as ‘active drag’, is fun-
damental to understanding how swimming performance 
can be improved. Several means of measuring active drag 
experimentally have been used by researchers. These 
include the Velocity Perturbation Method (Kolmogorov et 
al., 1997), and the Assisted Towing Method (Mason et al., 
2011). While these methods provide an indication of 
active drag over the period of a complete stroke cycle, 
they cannot provide accurate detail of the temporal pattern 
of net forces acting during a stroke cycle because the 
instantaneous force reflects the motion of the attachment 

point of the force measuring device to the body, rather 
than reflecting the acceleration of the whole body mass. 
The ‘Measurement of Active Drag’ (MAD) system (Hol-
lander et al., 1986) measures forces directly as the swim-
mer pushes against a series of underwater fixed plates 
while swimming. A concern with this system is that 
stroke kinematics and torques acting on the body differ 
from those in free swimming thereby affecting body 
alignment and drag. Further, the force generated by the 
pushing action of the upper limbs is measured without 
consideration of the leg kick, thus not providing an accu-
rate representation of the swimmer’s propulsive output. 

Detail regarding the temporal pattern of the net 
force provides insight into the effectiveness of the swim-
ming technique. For example, large fluctuations in net 
force indicate that the resistive force is much larger than 
the propulsive force and vice versa. Thus, when the accel-
eration of the whole body centre of mass (CM) is meas-
ured, phases of the stroke cycle in which forces are not 
being applied effectively and when the body encounters 
great resistance can be identified and linked to the tech-
nique of the swimmer to improve performance. 

Intra-cyclic velocity variability (IVV) has been an-
alysed by researchers with the rationale that there is an 
inverse relationship between magnitude of the difference 
of maximum and minimum velocity within a stroke cycle 
and swimming efficiency or skill (Barbosa et al, 2006; 
Cappaert et al., 1995; Togashi and Nomura, 1992). The 
IVV of the hip during the propulsive phases of right and 
left upper limbs is frequently used to assess asymmetries 
in bilateral contributions to propulsion (Payton and Wil-
cox, 2006). However, the velocity and derived accelera-
tions based on the motion of the hips have been shown to 
differ considerably from the motion of the CM (Figueire-
do et al., 2009; Psycharakis and Sanders, 2009). Psy-
charakis and Sanders (2009) found mean errors in CM 
velocity of 10% for maximum and minimum velocity and 
20% for the range of velocity relative to mean velocity of 
male front crawl swimmers. Similarly, Figueiredo et al 
(2009) reported RMS errors in velocity over the stroke 
cycle of front crawl swimmers ranging from 0.16 to 0.30 
m.s-1 and RMS errors in acceleration between 5.38 and 
7.86 m∙s-2. These findings indicate that acceleration of the 
hip does not reflect the acceleration of the CM and cannot 
be used with confidence to assess effectiveness of tech-
nique in minimizing active drag.  

Three dimensional (3D) analysis of IVVs based on 
velocity of the CM derived from digitized video data has 
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been conducted recently (Figueiredo et al, 2009; Psy-
charakis et al., 2010). However, assessment of velocity 
changes without calculating or considering forces, limits 
the confidence with regard to interpreting swimming 
effectiveness. For example, an inefficient swimmer with a 
high stroke frequency can have smaller IVVs than a 
swimmer with a low stroke frequency despite having 
larger fluctuations in net forces. That is the duration and 
pattern of the forces, and their links to the swimming 
actions, must be taken into account. 

Acceleration of the CM, and therefore net force, 
can be obtained using the inverse dynamics approach 
defined by Whittlesey and Robertson (2004) as ‘the pro-
cess by which forces and moments of force are indirectly 
determined from the kinematics and and inertial proper-
ties of moving bodies’. The position of the CM can be 
obtained by modelling the body as a series of rigid links 
from which the CM position is obtained for each video 
frame. Velocity of the CM is the first time derivative of 
the CM position and acceleration is the second derivative. 
The segment mass and centre of mass locations relative to 
digitized landmarks defining the segment are input to a 
computational routine that calculates CM by taking mo-
ments that is multiplying the segment mass by the per-
pendicular distance (its respective x, y, or z coordinate) of 
the segment centre of mass about orthogonal reference 
axes and dividing by whole body mass. The accuracy of 
the estimate of the CM then depends on the accuracy of 
the estimates of body segment masses and their centre of 
mass locations. These can be improved by ‘personalising’ 
the data to the characteristics of the participant. Jensen 
(1978) developed a personalised model of the human 
body in which each body segment comprised a stack of 
elliptical zones of 2cm depth. In Jensen’s elliptical zone 
method, the diameters of the ellipses are obtained by 
tracing, with a mouse-controlled cursor, the outlines of 
the images of the segments from front and side camera 
views. By using the inverse dynamics approach in con-
junction with digitized video data and body segment data 
obtained by the elliptical zone method, the low frequency 
(<4Hz) force-time profiles can be derived to within 3% of 
the actual forces (Sanders et al., 1999) when digitizing is 
conducted using automatic marker identification tech-
niques.    

Thus, the inverse dynamics approach can be very 
useful in swimming research to provide detailed infor-
mation about velocity fluctuations throughout the stroke 
cycle, the forces causing those fluctuations, and their links 
to swimming technique. To date, automatic digitizing of a 
whole body rigid system has been problematic due to the 
difficulty of tracking markers continuously in an aquatic 
environment. Tracking of markers is adversely affected 
by water turbulence, presence of bubbles/vortices and the 
regular disappearance of body segment markers due to the 
rolling motion of the swimmer, motion of other body 
segments, and the transition of body parts across air and 
water mediums. Consequently, manual digitizing is nec-
essary to minimize errors.  

A major problem of applying the inverse dynamics  
approach to manually digitized data is that random errors 
are amplified with each derivative (Winter, 2009). A 

fourth order Butterworth digital filter is commonly used 
to remove random error and thereby reduce the errors in 
the derived velocity and acceleration data. However, the 
filter uses data on either side of the point being corrected 
and so data points near the start and finish of the data set 
cannot be filtered. Various means of extending the data 
prior to digital filtering have been tested. For example 
Vint and Hinricks (1996) found that errors in acceleration 
in the period of 10 frames from the end of the data set 
were reduced by extrapolating the data using either linear 
extrapolation or reflection. Giakis et al (1998) found that 
a 20 point extrapolation based on a least squares fit of the 
final 10 data points was superior to other methods of 
extrapolating including linear extrapolation, linear auto-
regressive modelling (DAmico and Ferrigno, 1990), and 
natural spline functions. Nevertheless, an error in the last 
10 points was greater than in the other regions of the data 
set. Therefore, to attain reliable derived data at the end-
points of the data set it is evident that additional points 
should be digitized rather than extrapolating from the data 
points in the data corresponding to the period of interest.    

The question of how many additional points need 
to be digitized to obtain accurate and reliable results is 
critical for two reasons. First, manual digitizing of several 
camera views is tedious and time consuming. This limits 
the number of subjects, trials, and stroke cycles that can 
be digitized in a study. Second, if a large data set is re-
quired, the field of view and the calibrated 3D space must 
be increased so that the whole swimmer is in view for the 
whole of the period digitized.  This means that the image 
to be digitized is smaller, body landmarks harder to dis-
tinguish and, as a consequence, accuracy reduced.  There-
fore, it is advantageous to determine how many additional 
points are sufficient to obtain reliable results near the start 
and finish of the stroke cycle.  

While several researchers have used the inverse 
dynamics approach with manual digitizing to estimate 
three-dimensional kinematics of swimmers (Cappaert et 
al., 1995; Figueiredo et al., 2009; McCabe et al., 2011; 
Psycharakis et al., 2009; Sanders and Psycharakis, 2009) 
there is a paucity of information regarding 3D kinetics in 
swimming and the reliability of calculating them by in-
verse dynamics. Consequently knowledge of the patterns 
of net forces and their links to performance remains lim-
ited. The purpose of this study was to explore the reliabil-
ity of estimating 3D linear kinematics and kinetics of a 
swimmer derived from digitized video and to assess the 
effect of framing rate and smoothing window size. 

 
Methods 
 
Participants  
Two male swimmers volunteered to participate in this 
study (S1: age: 18yrs; height: 1.81 m; weight: 72.6 kg: 
S2: 18yrs; height: 1.86 m; weight: 76 kg). S1 was a front 
crawl sprint specialist (front crawl: 50m front crawl long 
course PB 25.00s). S2 was a front crawl and backstroke 
swimmer (back crawl: 50m short course PB 25.26s; 100m 
59.32s; 200m 2:08.2; front crawl short course PB 50m 
23.32s; 100m 51.80s; 200m 1:51.81). The study was 
approved  by  the Research Ethics Committee and the par- 
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ticipant provided informed consent.  
 

Collection of anthropometric data 
To enable identification of the endpoints of body seg-
ments when digitizing the video recordings, black skin 
markers 4.5cm in diameter were applied to 19 anatomical 
landmarks (Figure 1). Marker locations were: the vertex 
of the head (using a swim cap), the right and left of the 
following: tip of the 3rd distal phalanx of the finger, wrist 
axis, elbow axis, shoulder axis, hip axis, knee axis, ankle 
axis, 5th metatarsophalangeal joint, and the tip of 1st 
phalanx (big toe). These markers defined a 13 segment 
body model comprising the head, neck, and trunk as a 
combined segment, right and left arms, forearms, hands, 
thighs, shanks, and feet.  
 

 
 

 
 

 
 

Figure 1. Front and side view of the participant illustrating 
the marker locations. The circular markers were utilised to identify 
the body landmarks for digitizing in order to obtain 3D coordinate data. 
The additional square markers were utilised for the ‘e-Zone’ process in 
order to obtain CM data.  
 

Each participant was photographed simultaneously 
by two digital cameras at a distance of 12m capturing 
orthogonal front and side views of the subject in accord-
ance with the ‘e-Zone’ method described by Deffeyes and 
Sanders (2005) (Figure 1 and Figure 2). A bespoke 
MATLAB (Mathworks, Inc.) program, based on Jensen’s 
(1978) ‘elliptical zone’ method, was used to determine the 
segment masses and segment centre of mass positions 
relative to the segment endpoints. These data were then 
input to a MATLAB (Mathworks, Inc.) analysis program 
enabling calculation of whole body centre of mass, whole 
body velocity and acceleration.  

 
Collection of video data 
The swimmers were tested on different days. Each 
swimmer performed their usual warm-up prior to the 
testing session for a period of 10 minutes. As there was a 

‘no breathing’ requirement within the video capturing 
space, the swimmers were asked to familiarise themselves 
with this protocol during the warm-up. As S1 was per-
forming just front crawl sprints and S2 was performing 
front crawl and back crawl the protocols differed slightly. 
The testing required S1 to perform 4 x 25m front crawl 
maximal sprints, and S2 to perform 4 x 50m front and 
back crawl sprints. Each sprint was initiated from a push 
start to eliminate any possible influence that a dive may 
have on the stroke kinematics. After each sprint, the 
swimmer swam a recovery pace 25-50m to the starting 
position, followed by a 2 minute stationary rest period in 
the water. The recovery  method utilised in this study was 
in accordance with research highlighting active recovery, 
combined with passive recovery and water immersion 
following a bout of rigorous exercise, is more beneficial 
in terms of aiding the recovery process than passive re-
covery alone (Dodd et al., 1984; Choi et al., 1994; Wil-
cock et al., 2006). Each sprint was manually timed using a 
digital stopwatch. The fastest front crawl sprint of S1 
(FC1) and S2 (FC2) and the fastest back crawl sprint of 
S2 (BS) were selected for further analysis.  
 

 

 
 
 

Figure 2. Schematic illustration (not to scale) of the partici-
pant and two camera set-up for the e-Zone method. Camera 1 
captures the participants’ front view. Camera 2 photographs the side 
view of the participant. Both cameras were positioned 12m  from the 
participant.  
 

The testing sessions were conducted in a 25m in-
door level deck swimming pool (average pool temp 29.5° 
± 0.2). The volume within which the data were sampled 
was calibrated using a rectangular prism frame 4.5m in 
length (X direction), 1.5m height (Y direction), and 1.0m 
width (Z direction) (Psycharakis et al., 2005) for S1, and a 
frame 6.0m in length (X direction), 2.5m height (Y direc-
tion) and 2.0m width (Z direction) for S2. The frames 
were suspended to cover both above and below water 
surface so that approximately half was below and half 
above the water surface with the X axis aligned horizon-
tally in the swimming direction, the Y axis vertical, and 
the Z axis horizontal and perpendicular to the X axis. The 
calibration frames were recorded by six gen-locked video 
cameras (four cameras below and two above the water 
surface)  and digitized to yield separate calibration files 
for  the  above  and  below  water  views  using  the  Ariel  
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   Figure 3. Plan view of the camera set up relative to the 25m pool.  
 

Performance Analysis System (APAS) which incorpo-
rates the direct linear transformation (DLT) algorithms of 
Abdel-Aziz and Karara (1971). The calibration frames 
used for S1 and S2 differed slightly in dimension, and so 
the fields of view of the cameras were larger for FC2 and 
BS than for FC1.  The heights of all cameras were adjust-
ed so that the control points on the calibration frame were 
clearly distinguishable. All six cameras recorded the mo-
tion of the swimmer at a sampling frequency of 50 fields 
per second and an electronic shutter speed of 1/120s ena-
bling sharp images of the moving limbs for digitizing. 
Figure 3  

 
Data processing 
One front crawl stroke cycle (SC), defined as the period 
between the frame corresponding to the entry of the 3rd 
metacarpal tip of one hand to the instant of entry of the 
same hand which was manually digitized using the APAS 
system.  

The digitizing protocols differed so that the effect 
of frame rate and the number of additional points could be 
assessed. For the front crawl trial (FC1) of S1 the digit-
ized data set included 10 video fields prior to, and be-
yond, the defined SC. Every video field i.e. 50Hz was 
digitized. For the front crawl (FC2) and the back crawl 
trials (BS) of S2, frames rather than fields were digitized, 
that is the frames had not been split into the two fields 
comprising the frame.  Thus the data set included 5 
frames prior to, and beyond, the defined SC. This meant 
that the real time duration of the recordings was similar 
and the field of view was consistent across FC1, FC2 and 
BS despite the difference in the number of frames digit-

ized.  In terms of the protocol, all that differed between 
the trial of S1 (FC1) and the trials of S2 (FC2 and BS) 
was the number of extrapolation points (10 vs 5) and the 
sampling frequency (50 Hz vs 25 Hz). Following DLT 
transformation the 3D coordinates of the above and below 
water were combined into a single file representing con-
tinuous coordinates throughout the SC. 

This process was repeated five times by the same 
experienced operator with digitizing conducted on sepa-
rate days and no repeats of the same camera view on the 
same day. Separating the digitizing bouts temporally 
ensured that reliability wasn’t artificially improved by 
familiarity due to the practice effect of identifying the 
body landmarks. Each of the five repeat digitizations was 
input to a customised MATLAB (Mathworks, Inc.) analy-
sis program to calculate all variables. A 4th order Butter-
worth filter with a 4Hz cut-off frequency was applied 
after extrapolating the data by reflection to an additional 
20 points beyond the start and finish of the SC (30 points 
of additional data at each end for FC1 and 25 points of 
additional data at each end for FC2 and BS) as added 
insurance against distortion of the endpoints of the data 
set. The rationale for choosing 4 Hz as the cut-off was 
based on the Fourier spectral analysis indicating that little 
power (<1%) was contained in frequencies greater than 
4Hz. Further, the spectral analysis indicated that the high-
est frequency with substantial amplitude, the ankles, ap-
proximated 3Hz. This corresponded to the six beat kick-
ing motions with each kick completing three kick cycles 
in approximately one second (the duration of the stroke 
cycle). Given that stroke cycles are close to or greater 
than one second for all swimming strokes and distances, 4 
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Hz as a cut-off can be used generically in swimming as 
appropriate for retaining the real signal undiminished 
while eliminating most of the noise. Given that noise is 
amplified when deriving velocities and accelerations, 
selection of the smoothing frequency is critical to optimis-
ing reliability.  

The CM was determined by taking moments about 
the X, Y, Z reference axes of the segment centres of mass 
obtained using the digitized endpoint coordinates in con-
junction with the segment masses and proportional seg-
ment centre of mass locations obtained from the e-Zone 
program. Linear velocity of the X, Y, and Z components 
of the wrist, ankle, and CM were determined using the 
first central difference formula. Resultants of the linear 
velocity components were determined by application of 
Pythagoras Theorem to indicate the overall magnitude 
(speed) of wrist and foot motion as these are important 
with respect to force generation by the hands and feet 
respectively. Component accelerations of the CM were 
determined using the second central difference formula.  

A Fourier transform and inverse transform was 
then used to interpolate the data to the equivalent of 200 
samples per second. Expanding the data set by Fourier 
interpolation, retaining all Fourier harmonics, maintains 
the exact shape of the data profiles while increasing the 
precision of identifying the start and finish of the SC. 
Events defining phases of the swimming cycle, in particu-
lar, the instants of catch and release of the right and left 
hands could be precisely identified from the wrist X ve-
locity data as the instant of first backward movement of 
the wrist with respect to the external reference frame 
(catch) following entry and the instant of last backward 
movement of the wrist with respect to the external refer-
ence frame (release) following the pull. After trimming 
the data to the period of the SC the data were then con-
verted to 101 points, again by Fourier transform and in-
verse transform, representing percentiles of the SC. The 
use of the Fourier series transform is regarded as highly 
appropriate when analysing periodic data, such as in 
swimming (Bartlett, 1977).  

 
Statistical analysis 
For each variable of interest the standard deviation of the 
five digitizing trials was obtained for each percentile of 
the time profile. Average error was obtained as the mean 
of the 101 standard deviations and expressed as a percent-
age of the range of the data from minimum to maximum.  

The repeatability of the time-profile of each varia-
ble was obtained as R2 using the methods outlined by 
Kadaba et al (1989).  A correlation coefficient R was also 
obtained as the square root of R2. Paired two-tailed t-
tests, treating each variable as a ‘subject’ were conducted 
to determine whether there were differences in %error 
between FC1, FC2, and BS and paired one-tailed t-tests to 
compare average error between 0-15%, and 0-85%, and  
between 85-100% and 15-85%  of the time normalised 
SC. 
 
Results 
 
Table 1  displays  the  average  error, range,  average error  

expressed as a percentage of the range (average error%), 
R2 and R for the variables of interest. These include the 
CM velocities and accelerations in X, Y, and Z directions, 
and wrist and ankle speeds. Wrist velocity in the X direc-
tion and ankle velocity in the Y direction are presented 
due to their importance to propulsion given that the hands 
and feet respectively are the primary propelling surfaces 
(Toussaint, 2011; Ungerechts and Arellano, 2011). 

Mean average error% was significantly larger for 
FC2 than FC1 (5.10 v 3.56; p < 0.001) and for FC2 than 
BS (5.10 v 3.29; p < 0.001). There was no significant 
difference between FC1 and BS (3.56 v 3.29; p = 0.26).  

Table 2 shows the mean average error% for the 
first (0-15%), middle (15-85%) and last (85-100%) nor-
malised time periods of the stroke cycle for CM velocity 
and acceleration, hand speed, and foot speed for FC1, 
FC2 and BS. Errors were larger (p < 0.01) during the first 
15% than 15-85% of the SC for CM velocity and acceler-
ation and foot speed.  
 
Discussion 
 
Although 3D videography with manual digitizing is time 
consuming, and therefore not commonly practiced, it 
enables detailed interpretation of the net forces acting on 
a swimmer and the links to the swimmer’s actions and 
postures. However the confidence of the interpretations 
depends on the reliability of the data which, in turn, de-
pends on the effect of random error introduced during the 
manual digitizing process. Thus, the purpose of this study 
was to explore the reliability of estimating three-
dimensional (3D) linear kinematics and kinetics of a 
swimmer derived from digitized video and to compare the 
effect of framing rate and smoothing window size. 

The pattern of whole body velocity, particularly in 
the swimming (X) direction, is an aspect of great interest 
as it indicates the net effect of the propulsive actions and 
active drag. The average error of the instantaneous CM X 
velocities (0.014 m∙s-1) was 4.0% of the range in CM 
velocity in FC1, 5.23% in FC2, and 4.87% in BS. It is 
noteworthy that this is similar to the reliability in estimat-
ing the range of X velocity (3.67%) reported by Psy-
charakis et al (2009) using similar 3D data collection and 
analysis techniques. Thus, the reliability is good enough 
to compare the gains and losses of velocity between right 
and left arm actions. For example, in the case of FC1, 
there is a greater increase in CM X velocity from catch to 
release of the right hand than the left (Figure 4).  

It is clear that this swimmer has a smaller mini-
mum CM X velocity prior to the force produced by the 
right hand than at the equivalent time of the pull of the 
left hand. The instant at which that minimum occurs coin-
cides with the instant that the force produced by the right 
hand overcomes the active drag. The subsequent increase 
in CM X velocity during the pull of the right hand is 
greater than that during the pull of the left hand. This 
points to an asymmetry in possible force production of the 
right and left hands during their respective pull phases 
and therefore has implications for technique and strength 
training to develop a more even contribution of right and 
left pulls.   
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                 Table 1. Average error, range, average error%, R2 and R for the linear kinematic and kinetic variables.  
Variable Average Error Range Average Error% R2 R 
CM Vel X FC1 .0142 .354 4.00 .979 .990 
CM Vel X FC2 .0362 .689 5.23 .904 .951 
CM Vel X BS .0281 .576 4.87 .967 .983 
CM Vel Y FC1 .0176 .354 4.95 .964 .982 
CM Vel Y FC2 .0250 .505 4.96 .970 .985 
CM Vel Y BS .0160 .484 3.32 .985 .993 
CM Vel Z FC1 .0266 .553 4.81 .966 .983 
CM Vel Z FC2 .0194 .286 6.77 .928 .963 
CM Vel Z BS .0252 .416 6.07 .956 .978 
CM Acc X FC1 .244 4.94 4.95 .967 .983 
CM Acc X FC2 .559 8.88 6.30 .925 .962 
CM Acc X BS .559 9.57 5.84 .956 .978 
CM Acc Y FC1 .276 5.07 5.45 .952 .976 
CM Acc Y FC2 .507 5.82 8.71 .862 .928 
CM Acc Y BS .367 8.75 4.20 .961 .980 
CM Acc Z FC1 .554 8.41 6.58 .938 .969 
CM Acc Z FC2 .558 5.77 9.76 .887 .942 
CM AccZ BS .487 7.01 6.94 .935 .967 
Hand Spd X L FC1 .170 11.21 1.52 .996 .998 
Hand Spd X L FC2 .173 9.89 1.75 .995 .997 
Hand Spd X L BS .082 9.52 .86 .999 .999 
Hand Spd X R FC1 .106 11.68 .91 .999 .999 
Hand Spd X R FC2 .170 11.21 1.52 .997 .998 
Hand Spd X R BS .032 10.02 .32 .999 .999 
Hand Spd  L FC1 .138 7.74 1.78 .994 .997 
Hand Spd L FC2 .152 6.96 2.18 .992 .996 
Hand Spd  L BS .063 5.68 1.12 .999 .999 
Hand Spd  R FC1 .101 7.74 1.31 .997 .999 
Hand Spd R FC2 .085 5.40 1.58 .997 .999 
Hand Spd  R BS .031 5.78 .54 .999 .999 
Foot Spd Y L FC1 .190 7.51 2.54 .994 .997 
Foot Spd Y L FC2 .285 4.82 5.93 .967 .983 
Foot Spd Y L BS .118 5.17 2.29 .994 .997 
Foot Spd Y R FC1 .188 7.85 2.40 .994 .997 
Foot Spd Y R FC2 .220 6.05 3.64 .984 .992 
Foot Spd Y R BS .055 4.91 1.11 .999 .999 
Foot Spd L FC1 .136 .549 2.48 .975 .986 
Foot Spd L FC2 .188 1.70 11.04 .826 .909 
Foot Spd  L BS .100 2.10 4.78 .955 .977 
Foot Spd  R FC1 .118 3.01 3.92 .976 .988 
Foot Spd  R FC2 .126 2.43 5.19 .947 .973 
Foot Spd  R BS .083 2.22 3.79 .978 .989 

 
Similarly in BS there was a greater loss in velocity 

of the CM between the left hand release and right catch 
than between the right hand release and left catch. Com-
paring between strokes, the range of CM X velocity was 
0.55 m∙s-1 for BS compared to 0.37 m∙s-1 for FC1. Howev-
er, comparison of change in velocity of the backstroke 
compared to front crawl in the same subject (FC2 v BS) is 
difficult due to the decreased reliability at the beginning 
of the data set in FC2.  

To delve more deeply into the contributions of the 
actions to propel the body the acceleration patterns of the 
CM can be very useful. The acceleration profile directly 
reflects the net force acting on the swimmer and therefore 
the interplay between propulsive and resistive forces. 
Because they are the second derivative of the CM dis-
placement data, the accelerations are sensitive to error. 
However, with the data collection protocols and smooth-
ing at 4 Hz the average error in CM X accelerations 
across the stroke cycle (0.244 m∙s-2) was 4.95% of the 
range of accelerations in FC1.  As can be seen in Figure 5 

the reliability is sufficiently good to indicate clearly some 
differences between the right and left sides in the produc-
tion of force by this swimmer. Figure 5 also reveals that 
CM X accelerations in FC2 have high levels of reliability 
except for the beginning of the data set. This corresponds 
with the finding for CM X velocity. Similarly, the relia-
bility of the backstroke data for both CM X velocity and 
CM X acceleration is very good except for the first 15% 
of the stroke cycle. Nevertheless, by comparing the accel-
eration profiles for the period between left catch and left 
release, a section of the data with high reliability, it is 
evident that the pattern of net force (indicated by the net 
accelerations) is different between the two swimmers 
performing front crawl sprints (FC1 and FC2) and be-
tween strokes of the second swimmer (FC2 and BS).   

Given the good reliability for FC1 the potential for 
detecting differences between trials within and between 
swimmers with confidence is apparent provided that there 
are close to 10 samples beyond the start and finish of the 
period  of  interest. For example, in the case of  the trial of  
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Table 2. Comparison of errors for the first (0-15%), middle (15-85%) and last (85-100%) normalised time periods of the 
stroke cycle for CM velocity and acceleration, hand speed, and foot speed for FC1, FC2 and BS.  

Variables  Average Error% Average Error 
0-15% 

Average Error 
15-85% 

Average Error 
85-100% 

CM Velocity and 
Acceleration 

FC1 5.12 5.97 4.68 6.20 
FC2 6.96 9.79 6.69 5.35 
BS 5.21 6.07 4.85 5.91 

p   .008  .226 

Hand Speed 
FC1 1.38 0.66 1.32 2.28 
FC2 1.76 1.78 1.66 2.20 
BS .71 .90 .71 .53 

p   .228  .139 

Foot Speed 
FC1 2.84 1.79 2.77 4.14 
FC2 6.45 4.05 6.94 6.67 
BS 2.99 1.89 3.46 1.93 

p   .0035  .392 
            * p values are from paired one-tailed t-tests comparing 0-15% with 0-85%  and 85-100% with 15-85% time periods 

 
 

 
 
 
 

 
 
 
 

 
 
 

Figure 4. Mean profiles of the five digitizing trials for FC1, 
FC2, and BS with SD bands for CM X velocity. 

the swimmer studies in FC1 it is apparent that there is no 
difference between the maximum acceleration achieved 
during the pulls of the right and left hands. This under-
lines the importance of investigating the force profiles 
rather than relying only on the CM X velocity profiles. 
Given that greater velocity was attained during the right 
pull than the left one could have erroneously concluded 
that the right hand applies greater force than the left dur-
ing its pull. However, inspection of the acceleration pro-
files reveals that the greater gain in velocity during the 
pull of the right hand compared to the pull of the left was 
due to differences in the pattern of net force production. 
In particular, the force was sustained longer near the time 
of the catch for the right pull than the left and also during 
the transition between the pull and push phases of the 
pull.  

While differences in net force can be revealed by 
the CM X acceleration profiles, it cannot be assumed that 
there are differences in the patterns of force applied by 
right and left hands. This is because there may be differ-
ences in the active drag during equivalent instants of the 
pull of right and left hand. For example, different postures 
may be adopted during equivalent phases due to asymme-
tries in body roll. Indeed, asymmetries in body roll, even 
in non-breathing cycles have been quantified in several 
studies (McCabe et al., 2011; Payton et al, 1999; Psy-
charakis and Sanders, 2008; Sanders and Psycharakis, 
2009). Similarly, there may be differences in the contribu-
tions of the kicking actions. Thus, velocity and accelera-
tion data need to be considered in combination with anal-
ysis of other kinematic data to enable valid conclusions to 
be drawn.   

The additional data required to supplement the CM 
velocity and CM acceleration data should include wrist X 
velocity and foot Y velocity as these can provide an indi-
cation of whether differences in force production by the 
hands and feet are likely. The average errors in wrist and 
ankle speeds and component velocities (Table 1) were 
less than 2% for the wrist and less than 6% for the ankles. 
This enables real differences between right and left wrist 
and ankle actions to be detected. For example, in the case 
of FC1, it can be seen that the patterns of wrist X velocity 
were very similar for right and left wrists in both recovery 
and during the pull (Figure 6).  
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Figure 5. Mean profiles of the five digitizing trials for FC1, 
FC2, and BS with SD bands for CM X acceleration. 
 

However, it is evident that the right wrist achieves 
a faster backward motion than the left during the latter 
part of the underwater action as the hand is pushing 
backwards prior to release (compare the speeds at 5 to 
15% i.e. the push with the right wrist and 55 to 65% i.e. 
the push with the left wrist). This coincides with larger 
net CM X accelerations (Figure 5). Therefore, it is rea-
sonable to conclude that the right hand applies more force 
due to its faster backward motion than the left during 
these equivalent periods of the stroke.   

Similarly, scrutiny of the right and left ankle mo-
tions in the Y direction for FC1 (Figure 7) reveals that the 
kick is more vigorous between the period approaching 
release of the right hand and catch of the left hand than 
the period approaching release of the left hand and catch 
of the right hand. Thus, it would appear that kicking 

helped to maintain force in the desired direction during 
the periods when the hands were not generating propul-
sive force.  
 

 

 
 
 
 

 
 
 
 

 
 
 

Figure 6. Mean profiles of the five digitizing trials for FC1, 
FC2, and BS with SD bands for wrist X velocity. 
 

The average error% for the hand and foot velocity 
measures for FC2 and BS are also generally good. The 
worst of the %error scores was for the left foot speed of 
FC2. This was due to difficulty in seeing the foot marker 
due to turbulence. Despite the same stroke trials, FC1 
showed smaller error than FC2 in the majority of varia-
bles. Given that the error was generally larger in FC2 than 
FC1 in the 15 to 85% period of the stroke cycle, rather 
than only at the ends of the data set, it is reasonable to 
conclude that the greater error in FC2 than FC1 was due 
primarily to the larger field of views in FC2 than in FC1. 
This made the image to be digitized smaller and the body 
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landmarks harder to distinguish in FC2 than in FC1. This 
is supported by the fact that the errors in BS were less 
than in FC2 and comparable to FC1. This can be ex-
plained in terms of visibility of the body markers. The 
swimmer produced less turbulence by kicking in back 
crawl, and the hand path pattern in back crawl was less 
complex than that in front crawl, which made the markers 
more visible for many of the landmarks in back crawl 
than in front crawl.    

 
 

 
 
 
 

 
 
 
 

 
 
 

Figure 7. Mean profiles of the five digitizing trials for FC1, 
FC2, and BS with SD bands for ankle Y velocity. 

 
The comparison of the average error% across the 

period of the stroke cycle indicated that the start and fin-
ish of the data set, particularly the start, were slightly less 
reliable than the middle of the data set despite the addi-
tional points digitized and the reflection techniques em-
ployed to extend the data set. There was no obvious dif-

ference between FC2 or BS and FC1 due digitizing only 
five extras points rather than 10. Also, although generally 
larger than the middle section of the data set, the methods 
restrained the errors to levels that enable analysis and 
comparisons of patterns within and between swimmers 
and strokes. Nevertheless, analysts need to bear in mind 
that the errors at the endpoints are likely to be larger than 
in the central portion of the data set, particularly when 
deriving velocities and accelerations of swimmers with 
rapidly changing motion of the CM and the feet.  

Based on this study a number of recommendations 
emerge: 
1. Sampling at 25 Hz and filtering at 4Hz with a 4th 
order Butterworth digital filter can yield reliable data for 
analysis. There is no need to sample at higher rates. How-
ever, we recommend interpolating the data to enable the 
timing of events to be identified with minimal temporal 
error. On the basis of this study and those of other studies 
e.g. Vint and Hinrichs (1996) and Giakis et al (1998) it is 
recommended to digitize additional points. If the swim-
mer remains in view, 10 additional points would be pref-
erable to five.  
2. The recommendation of digitizing 10 rather than five 
must also be considered in light of the need to maximize 
image size. The main difference in reliability between 
FC1 and FC2 in this study was due to the larger field of 
view of the cameras for FC2. Therefore, there needs to be 
a trade-off between the number of additional frames digit-
ized and the field of view.  However, a minimum of five 
additional points is recommended.   

Conclusion 
 
Insights into the production of forces and the interplay of 
propulsive and resistive forces can be obtained using an 
inverse dynamics based on 3D position data digitized 
from multiple camera views above and below the water 
surface. However, given the time consuming nature of the 
approach relative to other analysis methods, researchers 
must be sure that the time taken yields insights additional 
to those of other, less time consuming, approaches. The 
additional insights arise from deriving accurate velocities 
and accelerations of the actual CM of a swimmer rather 
than monitoring the motion of a fixed point of the body 
such as the hip joint. Further, the accuracy of derived 
velocity and acceleration of the CM can be assured by 
applying a full body model comprising 13 segments with 
segment masses and mass centre locations relative to 
digitized landmarks being personalised using the elliptical 
zone method (Deffeyes and Sanders, 2005; Jensen, 1978). 
In this study it was shown that the inverse dynamics pro-
cess yields CM velocity and acceleration data that are 
sufficiently reliable to allow additional insights into 
swimming performance, for example, the existence of 
bilateral asymmetries in force production of right and left 
hands. Further, the ability to link the force profiles to 
swimming actions and technique is enhanced by having 
additional  data  such  as wrist and foot velocities that can 
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be obtained readily from the digitized data. 
To achieve good reliability at the ends of the data 

set when using a 4th Order Butterworth it is desirable to 
have 10 or more sample points beyond the period of inter-
est. However, the number of additional sample points 
affects the time required for the swimmer to be in view of 
all cameras and therefore the field of view of the cameras. 
Given that the reliability of digitizing is affected by the 
image size a trade-off between the number of additional 
points and field of view of the cameras is necessary. 
When using the methods described in this paper sampling 
at 25Hz with between five and 10 additional frames prior 
to and after the period of interest, e.g. a full stroke cycle, 
is recommended.   
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Key points 
 
• An inverse dynamics based on 3D position data digit-

ized from multiple camera views above and below 
the water surface is sufficiently reliable to yield in-
sights regarding force production in swimming addi-
tional to those of other approaches.  

• The ability to link the force profiles to swimming 
actions and technique is enhanced by having addi-
tional data such as wrist and foot velocities that can 
be obtained readily from the digitized data.   

• Sampling at 25 Hz with at least 5 samples before and 
after the period of interest is required for reliable data 
when using a 4th Order Butterworth Digital Filter. 
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